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Abstract: The performance of high-speed railway wireless communication systems is studied in the presence of co-channel
interference and imperfect channel estimation in the uplink. The authors derive exact closed-form expressions for the outage
probability and investigate the impact of fading severity. New explicit expressions are derived for both the level crossing rate
and average outage duration for illustrating the impact of mobile speed and channel estimation errors on the achievable







Given the development of high-speed railways all over the
globe, it becomes necessary to support public broadband
wireless access to mobile terminals (MTs) aboard
high-speed trains. Owing to the large penetration loss
encountered, when providing coverage within the carriages
from outdoor ﬁxed station (FS) and owing to the huge
handoff burden, it is a promising solution to install an
on-board base station (BS) on the train to provide
high-quality indoor coverage. The system architecture is
depicted in Fig. 1, where the on-board BS relays the signals
received from the MTs to a trackside FS. We use the
Nakagami-m distribution as our small-scale fading model,
which is typically considered as one of the most appropriate
channel models. Moreover, a number of co-channel
interferers (CCIs) surround the FS.
Recently, wireless communications for high-speed railway
has attracted substantial interests [1–6]. Many challenges
occur when designing this system. To elaborate a little
further, the channel characteristics of high-speed railways
have been studied in [1, 2]. The authors argued that there is
always a line-of-sight signal path between the FS and the
on-board BS in an open terrain scenario, which leads to
Rician fading distribution. Nevertheless, the Nakagami-m
distribution includes both the Rician and Rayleigh
distributions as special cases. Therefore we opted for using
Nakagami-m fading channel as our analytical model. The
handoff problem, which is also challenging to the contextof high-speed railway communications, has been analysed
in [3, 4]. With the drastic increase of train speeds, the
handovers will occur more and more frequently, which
potentially further degrades the achievable performance
seriously. Furthermore, the energy efﬁciency and the
fairness of high-speed railway communication systems have
been considered in [5, 6]. It is argued that the most efﬁcient
power allocation will assign all the power, when the train is
nearest to the FS, which may impose a substantially great
unfairness as a function of the time Q.
Diverse performance metrics have been used in wireless
system design [7]. The outage probability (OP) is a
ﬁrst-order statistical characteristic deﬁned as the probability
that the received signal-to-interference-plus-noise ratio
(SINR) is below a speciﬁed threshold value. In [8, 9], the
OP was investigated in the presence of interferers for
transmission over Nakagami-m fading channels, which has
also been applied in cognitive and relay-aided systems
subjected to interference-limited Nakagami-m fading
channels [10–13]. Despite its beneﬁts, the OP fails to
provide holistic insights into the design of communication
systems. As further practical measures, both the level
crossing rate (LCR) and the average outage duration (AOD)
were proposed in [14] for reﬂecting both the relative
frequency and the duration of outages. The expressions
derived for the LCR and AOD of maximal-ratio
combining-aided systems subjected to CCI were presented
in [15], but again in the absence of both channel estimation
(CE) errors and noise. As a further advance, Hadzi-Velkov1
& The Institution of Engineering and Technology 2014



























260[16] investigated the LCR and AOD of selection-combining
systems subjected to both CCI and Nakagami-m fading
channels, but again, in the absence of CE errors. ‘Therefore,
we derive new explicit closed-form expressions for the OP,
LCR and AOD of high-speed railway communications
subjected to both CCI and imperfect CE for transmission
over Nakagami-m fading channels’.
The paper is organised as follows. In Section 2, we
describe both system and channel model. Section 3
elaborates on the performance of the high-speed railway
scenario, where the OP, LCR and AOD are derived.
Finally, our numerical results are provided in Section 4,
whereas our conclusions are offered in Section 5.
2 System and channel model
2.1 System model
From Fig. 1, the signals received by the trackside FS may be
described as





hisi + N (1)
where r0 and ri denote the average signal-to-noise ratio (SNR)
of the desired signal s0 and of the interfering signal si,
respectively. Furthermore, L and N denote the number of
interfering signals and the normalised thermal noise,
respectively.
We assume that both the MS to FS link and the users
imposing the interference on the FS, since they utilise the
same frequency spectrum. The interference is subjected to
Nakagami-m fading models. The probability density
function (PDF) of the instantaneous fading amplitude of









where Γ(m) denotes the gamma function, whereas m and Ω
are the Nakagami-m fading parameters. We assume
furthermore that the transmission channel h0 obeys the
Nakagami-m distribution of h0∼Nakagami(m0, Ω0),
whereas the interfering channel hi obeys the Nakagami-m
distribution of hi∼Nakagami(mi, Ωi). Let the average SNRs2
& The Institution of Engineering and Technology 2014of the interfering signals are identical, that is, we have
r1 = r2 = · · · = rL = rI . Finally, note that the ratio of mi
and Ωi for all the interfering signals is the same, yielding
m1/Ω1 =m1/Ω1,…, mL/ΩL [This is valid in the case where
the interferers are approximately at the same distance from
the receiver such as a single multi-antenna interferer or a
cluster of co-located CCIs Q.].2.2 Imperfect channel estimation
We consider imperfect CE at the receiver, where imperfect
linear minimum mean-square error CE is performed. Here,
we use the following model for the asymptotic estimated





hˆ0 + 1he (3)
where the CE error he is a complex Gaussian random variable
independent of h0, having a zero mean and a unit variance,
while ε∈ [0, 1] is a measure of the CE accuracy.
Speciﬁcally, when we set ε≠ 0, there will be CE errors,
hence we may rewrite (1) as










where the term (N + NameMeNameMeNameMer0√ hes0) may be viewed as the ‘virtual
noise’ at the receiver.3 Performance analysis
In this section, the performance of the high-speed railway
scenario of Fig. 1 is investigated in terms of its OP, LCR
and AOD, respectively.3.1 Outage probability
We ﬁrst determine the PDF of the instantaneous received
SINR λ, then an exact OP expression is derived. The FS
suffers from the interference imposed by the interfering
macrocell users, which communicate in the same frequency
band. As a result, the SINR λ of the FS is given by
l = (1− 1
2)r0|hˆ0|2
r01
2 + 1+∑Li=1 rI |hi|2 W
X
C + Y (5)
where r0 and rI denote the average SNR of the desired signal
s0 and the interfering signal si, respectively. For the ease of
analysis, we introduce the short-hand of
X W (1− 12)r0|hˆ0|2, C W r012 + 1 and Y W
∑L
i=1 rI |hi|2 as
the power of the desired signal, the power of the virtual
noise and the power of the interfering signal, respectively.
Since the channel hˆ0 obeys the Nakagami-m distribution
hˆ0  Nakagami(m0, V0), the power of the desired signal X
follows the Gamma distribution of X∼Gamma(k1, θ1),
where we have k1 =m0 and θ1 = (1− ε2)r0(Ω0/m0).
Similarly, the variable Y, which is the sum of L independent
Gamma distributed variables, also follows the Gamma
distribution of Y∼Gamma(k2, θ2), where we have
k2 =
∑L

































(y+ C)fX (y+ C)l
[ ]
fY (y)dy (6)
where fX (x) = (1/uk11 G(k1))xk1−1 exp −(x/u1)
( )




denote the PDF of the
variables X and Y, respectively. We can derive the
closed-form expression for the PDF of the received SINR λ,
as detailed in Appendix 1. The OP Pout can be obtained by
integrating (6) with respect to λ between the limits 0≤ λ≤






(y+ C)fX (y+ C)l
[ ]
fY (y) dy dl (7)

























Speciﬁcally, when we consider the perfect CE-aided
















which is in agreement with [11, Eq. (25)], as expected.
3.2 Level crossing rate





and the interference-plus-noise envelope
Z W
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represents the average number of times the
fading process g crosses the threshold gth in the positive
direction per unit time. The average LCR N(g) can be





where g˙ denotes the time derivative of g and fg,g˙(g, g˙) is the
joint PDF of the pair of variables g and g˙ in an arbitrary













fg˙|g,Z(g˙|g, z)zfS(gz)fZ(z) dz (14)
where fg,g˙|Z(g, g˙|z), fg˙|g,Z(g˙|g, z) and fg|Z(g|z) are the
conditional joint PDF of the pair of variables g and g˙, given
the speciﬁed value Z = z and the conditional PDF of g˙,
given some speciﬁed value g and Z = z, as well as the
conditional PDF of g given some speciﬁed value Z,
respectively. Furthermore, fS(·) and fZ(·) are the PDFs of the
variables S and Z, respectively. Moreover, we proceed from
(13) to (14) by exploiting (10). Then the time derivative of






We note that the variable S follows the Nakagami-m
distribution. Furthermore, according to a Gaussian model
[19], S˙ obeys a zero-mean Gaussian distribution with a
variance of s21 = pfd0
( )2
u1, where fd0 denotes the
maximum Doppler frequency shift of the desired signal.
The maximum Doppler frequency shift fd0 can be expressed
as fd0 = vf /c, where v is the speed of high-speed train, f is
the carrier frequency and c is the speed of light in free
space. Similarly, Z2 =C + Y is a constant plus a squared
Nakagami-m random variable. Upon setting the derivatives
of both sides with respect to t, the constant C vanishes. As
a result, the time derivative of the interference-plus-noise
envelope Z˙ also follows a zero-mean Gaussian distribution
with a variance of s22 = pfdI
( )2
u2, where fdI denotes the
maximum Doppler frequency shift of the interfering signal.
Consequently, given a speciﬁc g and Z = z, g˙ of (15) is a



























Based on the derivation in Appendix 2, the closed-form
expression of the average LCR is given by






















( )− k2+n+0.5( )







where G(a, x) = NameMe1x exp(−t)ta−1 dt denotes the upper
3















465incomplete gamma function of [20, Eq. (8.350.2)]. When we
consider an interference-limited system relying on perfect CE
and contaminated only by CCI, that is, ε = 0, (18) reduces to
[15, Eq. (13)].Fig. 3 OP against SINR threshold for different desired average
SNR and fading parameters (L = 4, mi = [0.5, 1, 0.5, 1], Ωi = [1,







5003.3 Average outage duration
The average outage duration is deﬁned as the average time
that the receive SINR λ remains below the pre-deﬁned
threshold λth, which may be expressed as
T (lth) = Po(lth)/N (lth) (19)
With the aid of our closed-form OP expression (8) and the
LCR formula (18), the explicit expression of AOD is
readily derived.
4 Numerical results
In this section, we present numerical results for validating our
analytical expressions given in Section 3. Speciﬁcally, we
study the detailed impact of the fading parameters, mobility
and CE errors on the performance of high-speed railway
communication systems. For convenience, we assume that





for the correlation coefﬁcient between the true
channel coefﬁcients and their estimates.
Fig. 2 examines the accuracy of the asymptotic estimated
model (3) for Nakagami-m fading channels under the
assumption of Gaussian CE errors. As seen in Fig. 2, the
approximate curves are hardly distinguished from the exact
ones in a moderate range of ρ and the accuracy is improved
upon increasing the correlation coefﬁcient. Hence, we
conclude from Fig. 2 that the asymptotic CE model is
applicable for our analysis presented in Section 2.
Fig. 3 illustrates the OP of high-speed railway
communications in the presence of CE errors and CCI. The
OP results for perfect CE based on (9) have also been
plotted in Fig. 3. It is clear that the OP recorded for perfect
CE constitutes the lower bound of the CE errors and theFig. 2 Asymptotic CE model for different values of correlation coefﬁcie
4
& The Institution of Engineering and Technology 2014gap between them increases for larger values of m0.
Furthermore, we assume that the four interferers have an
identical power, but they communicate over different
Nakagami-m fading channels. As the desired average SNR
r0 increases from 0 to 6 dB, there is a signiﬁcant reduction
in the OP. The curves seen in Fig. 3 also show that the OP
performance improves upon increasing the fading parameter
m0, which is expected, since the Nakagami-m fading
channels become more benign Gaussian channels in the
limit, as we have m0→∞.
The second-order statistics of the received signals of
high-speed communication systems with and without CE
errors are characterised in Figs. 4 and 5. Fig. 4 shows that
there is a special SINR threshold lth, where the maximum
value of the average LCR is reached. For values of λth
below lth, the average LCR increases as a function of the
SINR threshold and ρ. Note that increasing the speed of
trains will increase the LCR, hence the signal envelopes
ﬂuctuate more rapidly. For a given Doppler spread, thent ρ







3Fig. 4 LCR against SINR threshold for different moving speed and
CE errors (L = 4, mi = [0.5, 1, 0.5, 1],Ωi = [1, 2, 1, 2], m0 = 2,Ω0 =
1 and rI = 0 dB)
Fig. 5 AOD against SINR threshold for different mobile speed and
CE errors (L = 4, mi = [0.5, 1, 0.5, 1],Ωi = [1, 2, 1, 2], m0 = 2,Ω0 =




























660effect of CE errors are more grave in the high SINR threshold
region. Furthermore, the gap between the LCRs found for
perfect CE and for realistic CE errors becomes larger upon
increasing the SINR threshold λth.
We can observe from Fig. 5 that the AOD is a
monotonically increasing function of the SINR threshold.
By increasing the CE accuracy, it can be seen that a modest
improvement is experienced for lth , lth, whereas a
signiﬁcant increase can be found for SINR thresholds
higher than lth. However, the speed of AOD improvement
recorded for perfect CE is slower than the one found for
realistic CE errors. Fig. 5 also shows the effects of the
speed of trains on the AOD. As expected, increasing the
train’s speed results in a reduction of the AOD.
5 Conclusions
In this paper, we investigated the ﬁrst- and second-order
statistical wave characteristics at the FS of high-speed railway
communication systems in the presence of both the CCI andIET Commun., pp. 1–7
doi: 10.1049/iet-com.2013.0674CE errors. Both the signals received by the FS from the train
and the interfering users are assumed to experience
Nakagami-m fading. The PDF of the SINR and the exact
closed-form expression of the OP were derived in the form of
ﬁnite sums. Moreover, we presented the exact closed-form
expressions of both the LCR and AOD, which provided an
efﬁcient characterisation of the Doppler spread, the fading
parameters and the interference and imperfect CE both on the
LCR and on the AOD performance of this system. Naturally,
severe fading conditions between the trains and the FS always
degrades the OP performance, while may be compensated by
increasing the power of the train’s transmitter. In addition, the
LCR experienced at high SINR thresholds increases as the
train-speed is increased and the CE errors are reduced, which
results in a reduced AOD.
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8 Appendix
8.1 Appendix 1: The derivation of the PDF and
cumulative distribution function of the received
SINR
Upon substituting the PDF of the random variables X and Y


















According to the Binomial theorem
(y+ C)k1 =∑k1n=0 k1n
( )
ynCk1−n [20, Eq. (1.111)], (20) may












































The cumulative distribution function (CDF) of the received





However, this approach requires tedious mathematical
manipulations. We may hence pursue a different approach












y+ C( )k1 yk2−1



























& The Institution of Engineering and Technology 2014According to [20, Eq. (3.351.1)], we may reformulate the
inner integral of (24) as
∫l
0














where g(a, x) = NameMex0 exp (− t)ta−1 dt denotes the lower
incomplete gamma function of [20, Eq. (8.350.1)].
Furthermore, the lower incomplete gamma function term






= k1 − 1
( )
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Using the Binomial theorem, the closed-form expression for
























(28)8.2 Appendix 2: The derivation for the average LCR
Let us now provide the derivation of the integral term in (17).
Since the random variable S follows the Nakagami-m











Since we have Z = NameMeNameMeNameMeNameMeNameMeNameMeNameMeY + C√ , we may infer that P[Z≤ z] = P
[Y≤ z2−C ]. As mentioned in Section 3, Y follows the




























































































(31)IET Commun., pp. 1–7
doi: 10.1049/iet-com.2013.0674Using the Binomial theorem and [20, Eq. (3.351.2)], the
explicit solution of (31) is given by (18).7
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